The purpose of this study was to investigate the effect of the exposure to bright light on EEG activity and subjective sleepiness at rest and at the mental task during nocturnal sleep deprivation. Eight male subjects lay awake in semi-supine in a reclining seat from 21:00 to 04:30 under the bright (BL; Ͼ2500 lux) or the dim (DL; Ͻ150 lux) light conditions. During the sleep deprivation, the mental task (Stroop color-word conflict test: CWT) was performed each 15 min in one hour. EEG, subjective sleepiness, rectal and mean skin temperatures and urinary melatonin concentrations were measured. The subjective sleepiness increased with time of sleep deprivation during both rest and CWT under the DL condition. The exposure to bright light delayed for 2 hours the increase in subjective sleepiness at rest and suppressed the increase in that during CWT. The bright light exposure also delayed the increase in the theta and alpha wave activities in EEG at rest. In contrast, the effect of the bright light exposure on the theta and alpha wave activities disappeared by CWT. Additionally, under the BL condition, the entire theta activity during CWT throughout nocturnal sleep deprivation increased significantly from that in a rest condition. Our results suggest that the exposure to bright light throughout nocturnal sleep deprivation influences the subjective sleepiness during the mental task and the EEG activity, as well as the subjective sleepiness at rest. However, the effect of the bright light exposure on the EEG activity at the mental task diminishes throughout nocturnal sleep deprivation.
Introduction
Numerous studies have examined the effects of continuous nocturnal sleep deprivation on sleepiness and electroencephalographic (EEG) activity. During sleep deprivation, subjective sleepiness at rest is markedly increased in the early morning (Dijk et al., 1992 , Leproult et al., 1997 . Subjective sleepiness during night drive of a train (Torsvall & Åkerstedt, 1987) or mental work (Gillberg et al., 1994 ) also increases with time throughout sleep deprivation. EEG pattern, commonly used for assessment of physical state, shows various changes following sleep deprivation (Dumont et al., 1999 , Cajochen et al., 1995 , Torsvall and ?kerstedt, 1987 . For example, the theta wave activity on EEG increases during sleep deprivation, and such a theta wave activity correlates significantly with subjective sleepiness (Dumont et al., 1999) and subjective fatigue (Cajochen et al., 1995) . A high correlation between the theta wave activity and the subjective sleepiness was observed during the mental task on train driving at night (Torsvall and Åkerstedt, 1987) . The alpha wave activity on EEG during sleep deprivation shows different responses between opened and closed eyes conditions. Under opened eyes condition, the alpha wave activity increases with time throughout sleep deprivation (Corsi-Cabrera et al., 1996 , Cajochen et al., 1995 , Torsvall and Åkerstedt, 1987 . In contrast, Daurat and co-workers (1996) reported that the alpha wave activity at rest under a eye-closed condition, decreased with the increased sleepiness level following the nocturnal sleep deprivation.
It is recognized that the exposure to bright light at night results in attenuation of increased tendency to sleepiness and exhaustion (Kräuchi et al., 1997 , Cajochen et al., 1998 , Daurat et al., 1996 . For example, a rise in subjective sleepiness in a resting condition could be delayed by extremely bright light exposure (5000 lux) from at 21:00 pm to 24:00 pm (Kräuchi et al., 1997). Under a eye-opened condition, the extremely bright light exposure (5000 lux) tended to reduce the power density of the high alpha band on EEG at 2000 h compared with that at 2200 h (Cajochen et al., 1998) . In contrast, under a eye-closed condition, moderate bright light exposure (1000-1500 lux) throughout sleep deprivation over the night increased the alpha wave activity compared with dim light (approximately 50 lux) exposure (Daurat et al., 1996) . Based on these results, we can hypothesize that an increase in sleepiness and exhaustion in a resting condition during sleep deprivation could be attenuated via the exposure to bright light (more than 2500 lux) in the conditions of earlier studies. On the other hand, the studies of Corsi-Cabrera and co-workers (1996) and Torsvall and Åkerstedt (1987) on an EEG activity at the mental task as described above did not mention the light intensity during experiments. At present the effects of the continuous bright light exposure on an EEG activity and the subjective sleepiness on the mental task during sleep deprivation are unknown. Therefore, the purpose of this study was to investigate the effects of bright light exposure (more than 2500 lux) on EEG and sleepiness during mental task as well as at rest following the nocturnal sleep deprivation.
Methods
Eight healthy male students (age, 22.0Ϯ0.4 years, meanϮSEM) gave signed informed consent to the studies. They were instructed to maintain a regular bedtime one week prior to participating in the present protocol. Prior to the study, their sleep-wake schedule during a week was verified with a daily sleep diary. They went to bed at 01:53 (Ϯ0012) am and woke up at 09:25 (Ϯ0013) am, with a total sleep time of 7.5 hr (Ϯ13 min). Subjects were asked to refrain from consumption of caffeine and alcohol, take pain medication, or perform a heavy exercise within 24 hr of the studies. During the study time, they were not allowed to sleep after waking up. Subjects arrived at our laboratory at 1730 h, and ate a light meal (approximately 570 kcal) at 18:00 pm. Afterward they did not take any beverages or foods until the study begins. Subjects entered the study room at 19:30 pm, and rested in a semisupine position in a reclining bed with a back angle of 30°after the end of study (0430 h). The light intensity in the room was set below 150 lux. Subjects were instrumented for the measurement of rectal and local skin temperatures, EEG and electrooculogram (EOG). After instrumentation, the light intensity was changed to the selected light condition at 21:10 pm. In this study, two different light conditions were selected: the bright light (BL: 2800 lux) and the dim light (DL: 120 lux) conditions. Fluorescent light sources on the ceiling were used to obtain both light intensities. The light intensity in the direction subject gazed up was measured at eye level of the participating subject on every hour during sleep deprivation in each condition. Two studies were performed in a random order, separated by at least one week. All experiments were conducted in an environmental room maintained at a constant ambient temperature of 28.5Ϯ0.1°C.
Every hour, subjects were instructed to keep a rest position on the bed for 10 min to record the rest data and perform a mental task for 15 min. During the rest data recording, they were instructed to keep their eyes open, and focus on a spot on the wall while avoiding frequent eye blinks and movements. The experimental staff ensured by a continuous visual inspection that the subject did not fall asleep during each measurement. After each mental task, isocaloric meals (crackers; 60 kcal) and water (100 ml) were provided in order to meet the energy requirements. Subjects were allowed to carry out their own preferred activities, such as reading, playing games, watching videos, or listening to music until the beginning of the next measurement. The light intensity of display during watching videos was set below 120 lux at eye level of the participating subjects. The subjects were asked to provide urine samples at the end of the final task at 04:30 am.
Mental task
The Stroop color-word conflict test (CWT) was used as a mental task during sleep deprivation. The CWT in the present study was a version of that reported by Hoshiakawa and Yamamoto (1997) . The task included visual and audio stimulation. One of the five Japanese words for "red", "blue", "green", "yellow", "purple" was shown on a center of a computer display at random. The word was written in one of these five colors, but the name of the word and color of word were not the same. At the same time, another name of color that was incongruent with the color word was given to the subject through the speaker as auditory stimulus. The subjects were instructed to recognize the color of a given word and to click a mouse button on the answer from the five color words shown in black at the lower part of the computer monitor. A single word was presented for 2 sec. When the subjects could not provide the correct answer within 2 sec, an auditory alarm (beep) was given as the feedback information, and next question was presented. These processes were repeated throughout each test for 15 min. The subjects operated a mouse using the right hand.
Measurements
The collected urinary samples were immediately stored in a freezer, and later examined by a consigned clinical testing company (SRL Inc.). The urine extracts were further diluted with a buffer to obtain values readable from the standard curves and the 6-sulphatoxymelatonin content determined on a double-blind basis, by an enzyme-linked immunosorbent assay (ELISA). The rectal temperature (T re ) and local skin temperature at four different sites (chest, forearm, thigh and calf) were measured using thermistors (accuracyϮ0.01°C; LT-8A; Gram Corp.). The thermistor for measurement of T re was inserted 10 cm into the rectum. The mean skin temperature (T sk ) was calculated using the method of Ramanathan (1964) (T sk ϭ0.3ϫchestϩ0.3ϫforearmϩ0.2ϫthighϩ0.2ϫcalf). Temperature measurements were recorded every 30 sec and averaged into 5-min periods by a personal computer. Data for temperatures were further compiled into 60-min averages to use as the data for each hour. In one subject, we failed to measure some of the temperature data. These data were excluded from statistical analysis.
Subjective Sleepiness: Kwansei Gakuin sleepiness scale (KSS; Ishihara et al., 1982) was used for assessment of subjective sleepiness. KSS was self-rated 3 min before the beginning of each measurement at rest and within 3 min after the end of each mental task. On KSS at the mental task, subjects were requested to describe their sleepiness during the mental task.
EEG recording: EEG was recorded at rest and at the mental task from Fz, Cz and Oz and referenced to the left earlobe. EOG was recorded using electrodes placed on the left upper eyelid and right lower eyelid. All signals from bioelectric amplifiers were digitized at 250 Hz with biological data acquisition system (MP100WS; BIOPAC System, Inc., USA). The filters of the EEG and EOG amplifiers were set to a cut-off frequency of 120 Hz and a time constant of 0.3 s. The EEG signals were subjected to spectral analysis by a fast Fourier transform. The spectra amplitude was computed for 4-s epoch by applying a Blackman window. The spectra amplitudes of 7 epochs were averaged. All trails with artifact of body movements, eye blinks and noise were not included in the further analysis. Each EEG activity was estimated for three frequency bands, theta (4.1504-8.0566 Hz), alpha (8.0566-13.183 Hz) and beta (13.183-25.146 Hz) frequency bands. For each frequency band, the EEG activity was expressed as a percentage of the value of a rest period at 22:00 pm.
Statistical analysis
Urinary melatonin concentrations were compared between DL and BL conditions by Wilcoxon signed rank test. Before statistical analysis, data for temperature values, KSS and EEG activity after 23:00 pm were averaged into 2-h periods. Data collected in each state (rest or CWT) were subjected to twoway analysis of variance (ANOVA) with repeated measures (light condition and time course). When the significant main factor differences were identified, a Bonferroni post hoc test was performed to compare data between the BL and DL conditions. Responses in T re , T sk , EEG activity and KSS compared with the data at 22:00 pm under each light condition were tested for a statistical significance by one-way ANOVA with repeated measures, followed by a Dunnett's multiplecomparison test when a significant difference was detected. The relationship between KSS and T re , theta or the alpha activity was assessed by the regression analysis for each light condition. To assess the effect of the mental task on EEG under each light condition, repeated measures via a two-way ANOVA (light condition and mental task) with Bonferroni post hoc test was performed. All data were expressed as meanϮSEM. A P value less than 0.05 denoted the presence of a statistically significant difference.
Results

Urinary melatonin and temperatures
The urinary melatonin concentration during sleep deprivation was significantly lower under the BL condition than that under the DL condition (BL: 11.56Ϯ2.84, DL: 34.09Ϯ11.86 ng/ml, PϽ0.05). This result indicated that the BL exposure during sleep deprivation suppresses melatonin secretion at night.
T re decreased significantly after 02:00 am under the DL condition and at 04:00 am under BL condition, relative to T re measured at 22:00 pm (both PϽ0.05; Table 1 ). Similarly, T sk was significantly lower after 02:00 am under the DL condition and at 04:00 am under the BL condition, compared with the respective baseline value at 22:00 pm (both PϽ0.05). T sk under the BL condition was significantly higher than that under the DL condition at 24:00 pm and 02:00 am (PϽ0.05; Table 1 ).
EEG and subjective sleepiness at rest
There was no significant difference in KSS at rest between DL and BL conditions during sleep deprivation. However, KSS under the DL condition began to increase significantly after 02:00 am, compared with 22:00 pm, while the values under the BL condition increased significantly at 04:00 am (PϽ0.05 respectively; Fig. 1, upper panel) . Thus, the exposure to BL 
3340).
With regard to EEG activity during sleep deprivation, all data on Fz and Cz demonstrated no significant differences between the BL and the DL conditions (both PϾ0.1). Therefore, we only report below the data of Oz during sleep deprivation. After 24:00 pm, the theta wave activity at rest under the DL condition was significantly higher than that under BL condition (PϽ0.05; Fig. 1 middle panel) . Under DL condition, the theta wave activity increased significantly at 04:00 am from the baseline value at 22:00 pm (PϽ0.05). In contrast, we did not detect a statistically significant change in the theta activity under the BL condition. There was a significant correlation between the theta wave activity and KSS under the DL condition (DL: nϭ56, rϭ0.351, Pϭ0.008; BL: nϭ56, rϭ0.236, Pϭ0.0797) .
The alpha wave activity at 04:00 am under the BL condition was significantly higher than that under the DL condition (PϽ0.05, Fig. 1 bottom) . Under the DL condition, the alpha wave activity increased significantly at 24:00 pm from the baseline value at 22:00 am (PϽ0.05), but then observed no significant change, compared with the baseline. Comparison with the DL condition, the alpha wave activity under the BL condition showed a delayed rise, and increased significantly after 02:00 am from the baseline value (PϽ0.05). Under both light conditions, the alpha wave activity did not correlate with KSS.
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EEG and Sleepiness during a Night Awake in Lights Figure 2 depicts the changes in KSS, theta and alpha wave activities to CWT during sleep deprivation under various light conditions. KSS under the DL condition remained significantly high after 02:00 am, relative to that at 22:00 pm (PϽ0.05) (Fig.  2, upper panel) . KSS under the BL condition remained stable throughout the night. Analysis of the theta and alpha wave activities during CWT showed no particular pattern and no significant difference between the two light conditions (Fig. 2 , middle and bottom panel). During the mental task, there was a significant correlation between the theta wave activity and KSS under the DL condition (DL: nϭ56, rϭ0.290, Pϭ0.0303; BL: nϭ56, rϭ0.131, Pϭ0.3357). Table 2 lists the mean values of the entire theta and alpha wave activities at rest and at the mental task throughout sleep deprivation under each light condition. Under the BL condition, the theta wave activity during the mental task increased significantly from that in the rest condition (PϽ0.05). However, there was no influence of CWT on the alpha wave activity under both light conditions (both PϾ0.1).
EEG and subjective sleepiness to mental task
Discussion
The circadian rhythm of body temperature in humans shows a nadir in the early morning and a peak in the evening Wirz-Justice1994, Minors et al., 1996) . The timing of peak melatonin levels precedes a nadir in internal temperature occurs in the early morning (Kräuchi and WirzJustice1994) . This nocturnal increasing in endogenous melatonin is associated with the nocturnal decreasing in the internal temperature (Kräuchi et al. 1999) . Earlier studies described that the exposure to bright light (more than 2500 lux) during nocturnal sleep deprivation suppresses melatonin secretion in humans (Lewy et al., 1980 , Strassman et al., 1991 . Furthermore, the melatonin suppression during sleep deprivation under the bright light condition raised the levels of the internal body temperature relative to sleep deprivation under the dim light condition (Strassman et al., 1991) . In the present study, the effects of bright light on suppression of melatonin level and elevation of rectal temperature during sleep deprivation were consistent with these previous results.
The subjective sleepiness and the theta wave activity on EEG increase with time throughout sleep deprivation (Dumont et al., 1999) . Under the eye-opened condition, the alpha wave activity also increases in parallel with the rise in sleepiness (Stampi et al., 1995) . Previous studies showed that the exposure to extremely bright light (5000 lux; Kräuchi et al., 1997) or moderately bright light (1000-1500 lux; Daurat et al., 1996) at night delayed the increase of subjective sleepiness. Cajochen et al. (1998) reported that bright light exposure (5000 lux) tended to reduce the power density on the theta and the high alpha band in EEG compared with the dim light (less than 10 lux) exposure. The present findings related to the theta and the alpha wave activities and KSS at rest under the BL condition (2800 lux) were consistent with these results. In the present study, the alpha wave activity under the DL condition did not significantly increase after the peak at 24:00 pm from the baseline value. The alpha wave activity during wakefulness under constant routine with the dim light (Ͻ10 lux) showed a close temporal association with circadian rhythms in internal temperature and plasma melatonin (Aeschbach et al., 1999) . It is concluded that the changes in waking alpha activity depend on both circadian and homeostatic processes (Aeschbach et al., 1997 (Aeschbach et al., , 1999 . Our current result on alpha wave activity after the peak under the DL condition might express principally the circadian process. Overall, it is suggested that the exposure to the bright light (more than 2500 lux) during sleep deprivation under a rest condition is enough to delay the increase in theta and alpha wave activities on EEG as well as subjective sleepiness.
Vigilance task increases subjective sleepiness during sleep deprivation in the laboratory (Gillberg et al., 1994) . Similarly, subjective sleepiness during night train driving increases with time throughout sleep deprivation (Torsvall and Åkerstedt, 1987) . In our study, KSS at the end of CWT rose significantly after 02:00 pm under the DL condition, while the exposure to BL remained KSS stable throughout the night (Fig. 2) . Under moderate bright light conditions, subjective alertness on vigilance test at midnight was significantly higher than that under the dim light condition (Daurat et al., 1996) . Therefore, our results indicate that exposure to bright light suppresses the increase in subjective sleepiness on the mental task as well as the rest conditions.
A unique finding in the present study was that the effect of the bright light exposure on theta and alpha wave activities disappeared by CWT, despite the potential for bright light to suppress the increase in KSS on CWT. Consequently, the theta wave activity did not correlate with KSS for a mental task under the BL condition. In earlier studies, Corsi-Cabrera et al. (1996) reported that the sleep deprivation for 40 hours induced an increase in the activity of all EEG bands at the mental task. The high correlation between the theta wave activity and the subjective sleepiness was observed during the mental task on train driving at night (Torsvall and Åkerstedt 1987) . However, both studies were not mentioned the light intensity during each experiment. The reasons for the discrepancies in the EEG activity are probably related to differences in the task type as well as the light intensity. Interestingly, Higuchi et al. (2003) found that the theta power in EEG during a VDT task from 23:00 pm to 02:00 am is more affected by the mental activity level ("exciting" or "boring") rather than the luminance intensity of display under dim light condition (Ͻ10 lux). In the present study, CWT could have strongly influenced EEG activity rather than light condition in the laboratory, since subjects seemed to be wearied of CWT. Indeed, under the BL condition, the entire theta wave activity for CWT throughout sleep deprivation increased significantly from that in the rest condition (Table 2 ). Our findings suggest that the effect of bright light exposure on the EEG activity during the mental task (the Stroop color-word conflict test) diminishes throughout nocturnal sleep deprivation.
In conclusion, the results of this study indicate that the exposure to bright light (more than 2500 lux) throughout sleep deprivation at night influences the subjective sleepiness during the mental task and at rest as well as the EEG activity under resting conditions. However, the bright light effect on the EEG activity diminished during the mental task. Overall, the exposure to bright light could be better to suppress sleepiness during sleep deprivation at night work per se, compared with a dim light environment.
